A previously described Bacillus subtilis mutant which exhibits a relaxed phenotype after glucose limitation (relG) has been characterized further. Analysis of this mutant and of the downshift mechanism in B. subtilis has shown that the primary defect lies in glucose uptake.
In bacterial cells, limitation for any amino acid or aminoacyl tRNA elicits the stringent response: accumulation of ppGpp and related nucleotides leading to an arrest of stable RNA synthesis and a host of other adjustments (reviewed in reference 3). The genetic loci governing the stringent response in Bacillus subtilis include relA, which codes for the stringent factor (11), and reIC, which codes for ribosome protein Lll (10).
Downshift from glucose to a poorer carbon or energy source elicits a similar response, although the primary signal is undoubtedly different. As an approach to the elucidation of this signalling system, we have isolated a mutant which has a defect in it. This reIG mutant, R-4, fails to produce guanosine 5'-diphosphate-3'-diphosphate and guanosine-5'-triphosphate-3'-diphosphate or curtail stable RNA synthesis upon glucose downshift, although it exhibits a normal stringent response to amino acid limitation (8). Here we report further analysis of the reIG mutant and the downshift adjustment mechanism. We conclude that the reiG defect lies in glucose uptake.
MATERIALS AND METHODS
Bacterial strahn and media. B. subtilis strains BR16 (rel+ lys) and BR17 (relA lys) are described by Swanton and Edlin (11). The reiG derivative of BR16, R-4 (Rif' reiG), was described by Price and Gallant (8).
Strain 168 is a prototrophic strain and the parent of BR16.
The medium used for radioactive labeling of cells was the Tris-glucose medium of Nishino et al. (7) . Cells were grown in either Tris-glucose or L-broth to prepare extracts for enzyme assays, as indicated in the figure legends. Various carbon sources were used at the following concentrations: glucose, 0.2%; fructose, 0.2%; glycerol, 0.4%; and succinate, 0.3%.
Nuceotlde labeling and quantdtation and determination of net RNA synthesis. Nucleotide labeling and quantitation and determination of net RNA synthesis were as described by Price and Gallant (8) .
Sugar uptake and transport. Transport of glucose was measured by using [1 Clmethyl-OD-glucopyranoside, which is not metabolized beyond phosphorylation. This was necessary to distinguish a potential defect in transport from one in metabolism of the sugar (9). Uptake of glucose and fructose (which includes transport and metabolism) was assayed using the 14C-labeled sugar.
Cells were grown to the midlog phase in Trisminimal medium containing 0.2% of the carbon source. Cultures were then centrifuged at room temperature, washed twice in the same medium without carbon source, and resuspended to an absorbancy at 690 nm of 0.12. The reaction mix contained 1/4 volume cell suspension, 3/4 volume medium without carbon source, and "4C-labeled sugar at the concentrations indicated in the figure legends. The reaction was initiated by adding cells to the labeled medium at room temperature. Samples of 50 ,ul were removed at various times to 45 ,um filters (Schleicher & Schuell Co.), filtered rapidly, and immediately washed with 3 ml of unlabeled medium without a carbon source. The filters were dried, and radioactivity was determined by liquid scintillation spectrometry in a toluene-based liquid scintillation fluid.
RESULTS
The relaxed response of the relG strain to glucose downshift was specific to this primary carbon or energy source. When the mutant was downshifted from fructose or glycerol, in contrast, it showed a normal shutoff of net RNA synthesis (Fig. 1) . We might add that the mutant grew about 33% slower than its relG+ parent on glucose, but only 12% slower on fructose.
Part of the relG+ response to glucose downshift was a drastic change in the adenine nucleotide pools. The level of ATP declined sharply, and there was a corresponding increase in the level of ADP and, interestingly, of AMP as well (Table 1) . This response was independent of relA genotype, but did not occur in the reiG mutant (Table 1) .
Taken together, these results imply that the reiG abnormality does not lie in the general relationship between carbon or energy source catabolism and guanosine 5'-diphosphate-3'-diphosphate formation, but rather in the specific catabolism of glucose. We therefore examined the effect of reIG on glucose uptake. Figure 2 shows the rate of uptake versus substrate concentration for 14C-labeled glucose. The mutant obviously took up glucose less efficiently than its progenitor. To distinguish between transport per se and subsequent catabolism, ,ve examined the uptake of the nonmt ibolized analog alpha-methylglucoside. Figure 3A shows a similar representation of 14C-labeled alpha-methylglucoside transport. A double-reciprocal plot (Fig. 3B) indicates that the defect pertains largely to K, rather than Vmax.
No difference was seen in the uptake of [14C]fructose in similar experiments (data not shown).
If the relG phenotype stems from the transport system's decreased affinity for glucose, a very simple prediction follows: the mutant should approach wild-type behavior when provided with an abnormally high level of glucose sufficient to approach saturation of the transport system. This prediction was fulfilled: when grown under these conditions of high glucose and subjected to a glucose downshift, the reiG mutant curtailed net RNA synthesis in the normal fashion (Fig. 4) .
DISCUSSION
We began our analysis of reIG with the supposition that it failed to receive the downshift signal of limited glucose uptake. The present experiments show that the situation is, in a sense, just the reverse. The mutant is defective in glucose transport, and the signal it fails to receive is that of efficient glucose catabolism. The reIG defect in glucose transport evidently abolishes this metabolic signal at its origin; further limitation of glucose uptake in the mutant produces no diminution of a signal which is already absent. (Fig. 1) . This alteration in the AMP/ATP ratio thus correlates with the response of stable RNA synthesis in each of the three genotypes. Recent studies of transcription in vitro suggest that this correlation may not be fortuitous. Travers et al. (12) have reported that ATP stabilizes Escherichia coli RNA polymerase in a conformation which favors stable RNA transcription, whereas AMP stabilizes the conformation in which stable RNA transcription is reduced. These observations led Travers et al. to propose that the AMP/ATP ratio links metabolic activity to the promoter selectivity of RNA polymerase. In the case of E. coli, this hypothesis suffers the defect that AMP/ATP ratios change very little during downshifts (1, 2, 4, 5). Our results, however, show that B. subtilis cells experience very large changes in this ratio during downshift and might thus control RNA polymerase activity in the way Traver et al. postulate. Studies of the effects of adenine nucleotides on the promoter specificity of B. subtilis RNA polymerase remain to be done.
Two further comments on the response of the adenine nucleotide pools to downshift are in order. First, the surprisingly mild response in E. coli must reflect a metabolic regulatory mechanism which buffers the adenine nucleotide pools against shifts in energy metabolism. This control presumably reflects a rapid adjustment of ATP term nutritional stresses of various kinds, was bactericidal in E. coli (2). Our results show that B. subtilis cells tolerate larger reductions in the energy charge. In wild-type B. subtilis, glucose downshift reduces the energy charge to about 0.4 (Table 1 ), yet the cells survive and resume growth after carrying out the appropriate adjustments during the period of diauxic lag. 153, 1983 
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